j During the second half of 2013, a total of 26 deaths involving para-methyl-4-methylaminorex (4,4'-DMAR) were reported to the European Monitoring Centre for Drugs and Drug Addiction. While aminorex and 4-methylaminorex (4-MAR) are known psychostimulants, nothing is known about the comparatively new para-methyl analog. Analytical characterization of two independent samples obtained from online vendors confirmed the presence of the (±)-cis isomer that also appeared to be associated with at least 18 of the 26 deaths. Extensive characterizations included crystal structure analysis, single, tandem, and high-resolution mass spectrometry, liquid and gas chromatography, and nuclear magnetic resonance spectroscopy. For the work described here, both the (±)-cis and (±)-trans racemates were also synthesized, confirming that the differentiation between these two forms was straight-forward. Monoamine transporter activity was studied using rat brain synaptosomes which included the comparison with d-amphetamine, aminorex and (±)-cis-4-MAR. (±)-cis-4,4'-DMAR was a potent, efficacious substrate-type releaser at transporters for dopamine, norepinephrine and serotonin with EC 50 values of 8.6 ± 1.1 nM (DAT), 26.9 ± 5.9 nM (NET) and 18.5 ± 2.8 nM (SERT), respectively. The potency of (±)-cis-4,4′-DMAR at DAT and NET rivalled that of other psychomotor stimulant drugs like d-amphetamine and aminorex. However, (±)-cis-4,4′-DMAR had much more potent actions at SERT and activity at SERT varied more than 100-fold across the four drugs. The potent releasing activity of (±)-cis-4,4′-DMAR at all three monoamine transporters predicts a potential for serious side-effects such as psychotic symptoms, agitation, hyperthermia and cardiovascular stimulation, especially after high-dose exposure or following combination with other psychostimulants.
Introduction
The global emergence of novel psychoactive drugs of abuse has triggered the need for close monitoring around the world. [1] [2] [3] From a European perspective, most of these substances, including so-called designer drugs, are classified as new psychoactive substances (NPS) and, following the definition set out by the European Council Decision 2005/387/JHA, are not under international control. [4] Many of the NPS appearing in the recreational drug marketplace are not really new, but are analogs of older chemical structures that were identified during the medication discovery process. For example, the development of centrally-active appetite suppressants has been a lucrative area of drug discovery for several decades. Many of the anorexigenic substances identified exhibit psychostimulant properties and had to be removed from clinical use due to adverse effects that included a range of cardiovascular toxicities. [5] One class of anorexigenic compounds studied in the early 1960s was based on the 5-phenyl-4,5-dihydrooxazol-2-amine (2-amino-5-phenyl oxazoline, aminorex) template structure ( Figure 1A ). Numerous analogs of aminorex that showed reduced beef broth consumption in rats were prepared and evaluated. [6] The majority of these analogs published by Poos et al. [6, 7] retained the primary amine function and a number of modifications of the phenyl ring were also introduced. While some modifications led to significant loss of activity, others were able to retain stimulant-like character when compared to aminorex. Aminorex and its 4-methyl analog 4-methylaminorex (4-MAR) showed anorexigenic effects in rats comparable to d-amphetamine and methamphetamine, but effects of aminorex were longer-lasting. [8] Although aminorex was briefly available in some European countries, case reports of the occurrence of primary pulmonary hypertension led to its removal from the market in the early 1970s. [9, 10] Importantly, serotonergic mechanisms were implicated in the development of aminorex-induced primary pulmonary hypertension. [11, 12] Although aminorex itself has not been frequently reported as a street drug, [13] recent interest in this particular substance has re-emerged following the observation that it is formed in vivo in horses following levamisole administration [14] and in human cocaine users, [15, 16] since levamisole is frequently used as a cocaine adulterant. [17] Reports about the detection and characterization of 4-MAR, on the other hand, began to appear following a case report about a fatality in the late 1980s. [18] The presence of two chiral carbons in 4-MAR gives rise to two diastereomeric cis-and trans racemates that have been previously studied. [19] [20] [21] [22] [23] The preparation and characterization of the four cis-and trans-3,4-dimethylaminorex enantiomers, i.e. no substituent on the phenyl ring, have also been described. [24] para-Methyl-4-methylaminorex (4,4'-DMAR) appears to be absent from the currently available scientific literature with the exception of the trans-(4S,5S)-enantiomer ( Figure 1B ) that was featured in a patent application on oxa(thia)zolidines. [25] Europol and the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) have recently issued a public early-warning notification about the association between 4,4'-DMAR and eighteen deaths in the United Kingdom (Northern Ireland) and eight deaths in Hungary in 2013. [26] The European Union Early Warning System on New Psychoactive Substances ('Early Warning System') has received notifications of its detection from Denmark, Finland, Hungary, Sweden and the United Kingdom following its first detection in 2012 in the Netherlands. [26, 27] The identification of (±)-cis-4,4'-DMAR and its association with the fatalities reported in Northern Ireland were carried out in the authors' laboratories. (±)-cis-4,4'-DMAR was also detected in tablets obtained from a police seizure ('Speckled Cherry' and 'Speckled Cross' motifs). [28] An analytical characterization of (±)-cis-4,4'-DMAR HCl obtained from an Internet vendor was underway when it was realized that this substance was associated with the recent fatalities encountered in Northern Ireland. It was then decided to extend the investigation to organic synthesis of both (±)-cisand (±)-trans racemates in order to establish the potential for unambiguous differentiation under routine analytical conditions ( Figure 1C) . A very recent test purchase from an alternative online vendor also confirmed that (±)-cis-4,4′-DMAR is available for purchase as a 'research chemical'.
At present, information about the biological mechanism of action of (±)-cis-4,4′-DMAR is not available. Drugs with a similar amphetamine-like structure, such as aminorex, are known to act as substrates for monoamine transporter proteins, thereby releasing monoamine neurotransmitters -dopamine, norepinephrine, and serotonin -in the central nervous system. [11, 29] It was therefore deemed important to assess the monoamine transporter activity of (±)-cis-4,4′-DMAR and its closely related analog (±)-cis-4-MAR. For comparison, d-amphetamine and aminorex, which are substances with known pharmacology, were also included as reference compounds.
Experimental Materials
All reagents and dry solvents used in the syntheses were obtained from Sigma Aldrich Ltd (Arklow, Co. Wicklow, Ireland). Liquid chromatography-mass spectrometry (LC-MS) grade solvents were obtained from Fisher Scientific (Dublin, Ireland). d-Amphetamine (amphetamine), aminorex, and (±)-cis-4-MAR were obtained from the National Institute on Drug Abuse (NIDA) Drug Supply Program (Rockville, MD, USA). (±)-cis-4,4′-DMAR hydrochloride was obtained via a donation from an Internet vendor (July 2013) and purified by recrystallization (m.p. 163-165°C from ethyl acetate/ methanol). A test purchase from an alternative vendor was also carried out in March 2014.
Synthesis procedures
2-Amino-1-(4-methylphenyl)propan-1-ol (4-methylnorephedrine) Bromine (5.16 mL, 100 mmol) in dichloromethane (50 mL) was added dropwise to a solution of 4-methylpropiophenone (a) (14.82 g, 100 mmol) in dichloromethane (100 mL). The mixture Figure 1 . A: Chemical structures of the three psychostimulants aminorex, 4-methylaminorex (4-MAR) and para-methyl-4-methylaminorex (4,4'-DMAR). B: structural representations of all four existing 4,4'-DMAR enantiomers; 4'-Ph represents the para-substituted phenyl ring. C: synthetic route to both (±)-cis-and (±)-trans-4,4'-DMAR. Both isomers were prepared from the same 4'-methylnorephedrine precursor (e) using cyanogen bromide or potassium cyanate to yield both products.
was then stirred for 1 h at room temperature and dried (anhydrous magnesium sulphate). Following removal of the solvent, α-bromo-4-methylpropiophenone (b) (21.49 g, 94.6 mmol, 95%) remained as yellow crystals. The alpha bromo ketone (20.98 g, 92.4 mmol) was dissolved in acetonitrile (100 mL) and sodium diformylamide (11.01 g, 116 mmol) was added. The mixture was refluxed for 4 h. Following removal of the solvent, the residue was partitioned between dichloromethane and water. The organic layer was collected, dried (anhydrous magnesium sulphate) and the solvent was removed to give the N,N-diformylamide derivative (c) (14.26 g, 65.0 mmol, 56%) as a yellow oil. This was dissolved in 5% ethanolic hydrochloric acid (200 mL) and stirred overnight at room temperature. The solution was evaporated to dryness, acetone was added, and the precipitate was collected by filtration. The primary amine intermediate (d) was then used directly without the need for further purification. This was dissolved in methanol (500 mL), cooled in an ice bath and sodium borohydride (26.86 g, 0.71 mol) was added over a 1.5 h period. Removal of the solvent, partitioning between dichloromethane/water, drying (anhydrous magnesium sulphate) and evaporation of the dichloromethane yielded 2-amino-1-(4-methylphenyl)propan-1-ol (e) (6.42 
A solution of cyanogen bromide (0.963 g, 9.1 mmol) in methanol (3 mL) was added to a mixture of 2-amino-1-(4-methylphenyl) propan-1-ol (e) (1.36 g, 8.2 mmol) and anhydrous sodium acetate (2.04 g, 24.9 mmol) in methanol (20 mL) with cooling in an ice bath. The mixture was stirred for 3.5 h, the volatiles were removed and saturated sodium carbonate was added to the residue. The mixture was shaken until a white precipitate formed. This was filtered to afford a colorless solid (1.52 g A mixture 2-amino-1-(4-methylphenyl)propan-1-ol hydrochloride (e) (prepared from 830 mg (5 mmol) of the free base and ethereal hydrogen chloride) and potassium cyanate (434 mg, 5.4 mmol) in water (5 mL) was refluxed for 3 h. Aqueous hydrochloric acid (2 M, 5 mL) was then added slowly followed by heating at reflux for an additional 2 h. The mixture was allowed to cool to room temperature and saturated aqueous sodium carbonate (50 mL) was added until a precipitate formed. 
Gas chromatography quadrupole mass spectrometry
Samples were analyzed on an Agilent 7890A GC coupled to a 5975C Mass Selective Detector. A HP-5 ms column (30 m × 0.25 mm × 0.25 μm) from Agilent (Stockport, UK) was used with helium carrier gas at a constant flow of 1 mL/min and a split ratio of 5:1. The injector was set at 225°C and the transfer line at 250°C . The initial oven temperature was 80°C, held for 4 minutes, then ramped at 40°C/min to 290°C with a hold time of 10 min to give a total run time of 19.25 min.
Nuclear magnetic resonance spectroscopy
Both synthesized (±)-cis-and (±)-trans-4,4'-DMAR isomers were prepared as free bases and dissolved in CDCl 3 . 1 H (600 MHz) and 13 C (150 MHz) NMR spectra were recorded on a Bruker AV600 NMR spectrometer using a 5 mm TCI cryoprobe.
1 H NMR spectra were referenced to an external TMS reference at δ = 0 ppm. The analyses of the donated and purchased (±)-cis-4,4'-DMAR hydrochloride salts were carried out in CD 3 OD on a Bruker Avance 300 system ( 1 H 300 MHz; DEPTQ 75 MHz). Liquid chromatography electrospray single quadrupole mass spectrometry LC-MS analyses were performed on an Agilent 1100 LC system. Separation was performed on an Allure PFP Propyl column (5 μm, 50 mm × 2.1 mm) from Restek (Bellefonte, PA, USA) and the aqueous mobile phase A consisted of 0.05% formic acid in water whereas mobile phase B was prepared from 0.1% formic acid in acetonitrile, respectively. The Agilent LC-MSD settings were as follows: positive electrospray mode, capillary voltage 3000 V, drying gas (N 2 ) 12 L/min at 350°C, nebulizer gas (N 2 ) pressure 60 psi, EIC m/z 191, fragmentor voltage 70 V. Samples for LC-MS analysis (1 μL injection B volume) were dissolved in acetonitrile/water (1:1, containing 0.1% formic acid) at a concentration of 5 μg/mL. The following gradient elution program was used: 0-4 min 2% A, then increase to 30% over 30 min using a linear gradient. The composition was then increased to 80% B within three min and returned to 2% B at the 35 min point. The equilibration time was 5 min at 2% B to give a total run time of 40 min. The flow rate was 1 mL/min and the column temperature was 30°C.
High resolution electrospray mass spectrometry HR-ESI mass spectra for the synthesized (±)-cis-and (±)-trans-4,4'-DMAR isomers were recorded by direct injection into a LTQ Orbitrap Discovery (Thermo Fisher, Bremen, Germany). Samples were dissolved in acetonitrile/water (1:1, containing 0.1% formic acid) and infused at a rate of 5 μL/min. Full accurate high-resolution (30000) mass scans were performed in positive electrospray mode. Measured accurate masses were within ± 5 ppm of the theoretical masses. The following conditions were used: drying gas (N 2 ) 10 L/min, capillary temperature 310°C, spray voltage 4 V, capillary voltage 22 V and tube lens 77 V.
Analysis of the donated (±)-cis-4,4'-DMAR HCl was carried out by UHPLC-Q-TOF-MS analysis. UHPLC separation employed mobile phases consisting of 100% acetonitrile with 1% formic acid and an aqueous solution of 1% formic acid. The column was maintained at 40°C with a 0.6 mL/min flow rate and 5.5 min acquisition time. The elution was a 5-70% acetonitrile gradient ramp over 3.5 min, then increased to 95% acetonitrile in 1 min and held for 0.5 min before returning to 5% acetonitrile in 0.5 min. Q-TOF-MS data were acquired in positive mode scanning from m/z 100-1000 with and without auto MS/MS fragmentation. Ionization was achieved with an Agilent JetStream electrospray source. Agilent 6540 Q-TOF-MS parameters: gas temperature 325°C, drying gas 10 L/min and sheath gas temperature 400°C. Internal reference masses of m/z 121.05087 Da and m/z 922.00979 were used.
X-ray crystallography
Data collection was carried out on a Bruker APEX 2000 CCD Diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data were corrected for Lorentz and polarization effects and empirical absorption correction applied. Structure solution by direct methods and structure refinement on F 2 employed SHELXTL version 6.10(1). [30] Hydrogen atoms were included in calculated positions (C-H = 0.95 -1.00 Å) riding on the bonded atom with isotropic displacement parameters set to 1.5Ueq(C) for methyl H atoms and 1.2Ueq(C) for all other H atoms. All non-H atoms were refined with anisotropic displacement parameters.
Monoamine transporter release
Male Sprague-Dawley rats (250-300 g, Charles River Laboratories, Wilmington, MA, USA) were housed 2 per cage and maintained on a 12-hour light-dark cycle. Food and water were provided ad libitum. Animal use procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and the Animal Care and Use Committee of the Intramural Research Program of NIDA (Baltimore, MD, USA).
Rats were euthanized by CO 2 narcosis and brains were processed to yield synaptosomes as previously described. [31, 32] For release assays, 9 nM Release was terminated by vacuum filtration and retained radioactivity was quantified by scintillation counting.
Results and discussion
The full analytical characterization and identification of (±)-cis-4,4'-DMAR (4-methyl-5-(4-methylphenyl)-4,5-dihydro-1,3-oxazol-2-amine or 4-methyl-5-(p-tolyl)-4,5-dihydrooxazol-2-amine) began with a product donated by an online vendor following its detection in eight deaths in Hungary. [26, 33] Soon afterward, (±)-cis-4,4'-DMAR was detected in 18 deaths in Northern Ireland. [28] This prompted the preparation of both racemic cis-and trans isomers and the investigation of the monoamine transporter activity of (±)-cis-4,4'-DMAR. Furthermore, a recent test purchase of a 4,4'-DMAR product from an additional online vendor confirmed the presence of the (±)-cis isomer and showed that this substance is commercially available as a 'research chemical'.
Little is known in the scientific literature about (±)-cis-4,4'-DMAR. One of the names that appears to be associated with this substance as a product sold by online vendors, is 'Serotoni' but others may include 4,4'-dimethyl-aminorex, p4-DMAR, 4,4'-DMAR, 4-methyl-euphoria and 4-methyl-U4Euh. [33] The 'euphoria' or 'U4Euh' component of this name refers to 4-methylaminorex (4-MAX, 4-MAR) ( Figure 1A) , a psychostimulant that appeared in the 1980s as a street drug. [18] [19] [20] However, as discussed in the Introduction, the presence of a number of aminorex analogs can be traced back to the early 1960s, when they were prepared and evaluated as potential anorexigenic substances with central nervous system activity. (Figures 2A and 2B ) revealed a difference in relative abundance for a number of fragments. Among the most notable differences was the formation of the base peak at m/z 70 when using the quadrupole mass analyzer. Ion trap MS displayed a base peak at m/z 43 and an intense species at m/z 176 that was absent under quadrupole MS conditions where a fragment at m/z 175 was observed instead. The EI spectra of both synthesized cis-and trans racemates were identical as expected and can be found as supplementary data. The m/z 70 has previously been observed in the EI-MS of 4-MAR [18] [19] [20] 22] which indicated that the presence of the additional 4'-CH 3 group in 4,4'-DMAR did not form part of base peak formation which represented fragmentation of the heterocyclic ring. A proposed fragmentation pattern for base peak formation at m/z 70 following neutral loss of 4-methylbenzaldehyde is shown in Figure 3A , thus, giving rise to a radical cation. The suggested species, which may be considered as a 3-methylaziridin-2-imine fragment, would give rise to a composition of C 3 H 6 N 2 which was consistent with high-resolution EI-MS data reported for 4-MAR. [20] The base peak reported for aminorex, i.e. lacking the 4-CH 3 substituent present in 4-MAR, showed the expected mass difference of 14 Da which led to m/z 56. [13] The impact of the 4'-CH 3 group could however be noticed when considering the appearance of species at m/z 119, m/z 146 and m/z 175 (Figures 2A and 2B ) that corresponded to their 4-MAR counterparts at m/z 105, m/z 132 and m/z 161, respectively, thus, also displaying a shift of 14 Da. [18] [19] [20] 22] A possible equivalent of m/z 146 which was observed with 4.4'-DMAR (Figures 2A/2B and 3A) may have been the m/z 118 reported in the EI-MS of aminorex that lacks both methyl groups at positions 4 and 4' but in both cases a loss of CONH 2 may have accounted for their appearance. [13] Proposed fragmentation pathways under EI-MS conditions are shown in Figure 3A . The CI-MS spectrum revealed the presence of a fragment of minor abundance at m/z 174, possibly loss of NH 3 , and m/z 148 ( Figure 2C ). Figure 3D for suggested mechanism of formation). The loss of 43 Da was described previously following thermospray triple-quadrupole MS/MS analyses of 4-MAR and closely related metabolites and analogs during metabolism studies in rats. However, since 4-MAR lacks the methyl substituent on the phenyl ring, the resulting ion was detected at m/z 134 instead of m/z 148 ion observed in the present study with (±)-cis-4,4'-DMAR. [34] The m/z 148 species was also observed following increased cone voltage settings (in-source CID) under single stage LC-MS conditions.
Mass spectrometry and chromatography

Figure 2 shows the electron ionization (EI) and chemical ionization (CI) mass spectra (MS) obtained for the donated (±)-cis-4,4'-DMAR following sample introduction by gas chromatography (GC). A comparison between quadrupole and ion trap EI-MS
GC-MS analysis of the (±)-cis-4,4'-DMAR HCl salt using several instruments available in the authors' laboratories revealed that peak shapes and signal responses were occasionally quite variable. This was attributed to differences of GC conditions including liners, temperature and columns and a more dramatic example is shown in the supplementary information where degradation into two peaks occurred. However, conversion of the donated (±)-cis-4,4'-DMAR hydrochloride salt into the free base improved detectability significantly ( Figure 4A 
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wileyonlinelibrary.com/journal/dta standards synthesized as free bases (Figure 4A-C) . Analysis by LC-ESI-MS/MS also confirmed the ability to separate both isomers and the corresponding multiple reaction monitoring traces are shown in Figures 4D and 4E , respectively. A further improvement in separation was obtained when employing an alternative method of separation involving single stage LC-ESI-MS detection (Figures 4 F  and 4G ). All three chromatographic methods were able to achieve separation between the two isomers.
Synthesis and nuclear magnetic resonance spectroscopy
The synthesis employed for the preparation of the racemic isomers ( Figure 1C) included the traditional approach via α-bromination [35] of the 4-methylpropiophenone precursor (a) followed by reaction of the brominated intermediate (b) with sodium diformylamide to give (c). [36] Hydrolysis under acidic conditions provided access to the primary 4-methylcathinone (normephedrone) (d) which, following its reduction to the alcohol (e), was either converted to (±)-cis-(via cyanogen bromide) or (±)-trans (via potassium cyanate) 4,4'-DMAR, respectively, which was adopted from previously published work by Poos et al. [6] and Fodor et al. [37] Forensic work carried out by the United States Drug Enforcement Administration indicated that application of the potassium cyanate route to norephedrine gave (±)-trans-4-MAR, whereas cyanogen bromide would have been expected to give the (±)-cis product. [23] Previously, norpseudoephedrine was used to yield the trans-(4R,5R)-isomer while the use of norephedrine, both reacted with cyanogen bromide, gave cis-(4S,5R)-4-MAR. [20] The NMR spectra associated with both racemic 4,4'-DMAR isomers shared some key features that were consistent with those reported previously with cis-and trans-4-MAR which facilitated differentiation between these isomers. In the proton NMR, for example, changes in the chemical shifts were observed for the 4-CH 3 , H-4 and H-5 resonances. The free base of (±)-cis-4,4'-DMAR studied here, showed that the H-4 and H-5 signals were recorded at 4.41 ppm and 5.74 ppm, respectively, whereas an upfield shift to 4.05 and 5.08 ppm was observed in (±)-trans-4,4'-DMAR. In contrast, a downfield shift was observed for the 4-CH 3 doublet which shifted from 0.84 ppm (cis) to 1.40 ppm (trans). The same tendency was also reported for 4-MAR [19] [20] [21] and 3,4-dimethylaminorex. [24] On the other hand, the carbon NMR revealed that both C-4 and C-5 in the two 4,4'-DMAR isomers experienced a downfield shift, that is, from 59.50 ppm and 85.59 ppm (cis) to 63.71 ppm and 90.25 ppm (trans), respectively. Similarly, this trend was consistent with carbon NMR data reported for 4-MAR. [19, 20] For completeness, Figure 5 provides the 1 H and 13 C NMR data obtained from the donated (±)-cis-4,4'-DMAR HCl salt. A comparison with data acquired from a test purchase from an alternative Internet vendor confirmed the presence of the same cis-isomer.
X-ray crystallography
Single crystal X-ray data obtained from the originally donated sample provided unequivocal proof that the sample was the racemic (±)-cis-4,4'-DMAR HCl (dihedral angle 30 o ). Both the 4R,5S, and 4S,5R-enantiomers were identified in the unit cell ( Figure 6 ). The bond lengths of C-N bonds were practically the same length N(1)-C(1) 1.293(2) Å and N(2)-C(1) 1.307(2) Å, respectively, which indicated that the nitrogen incorporated into the heterocycle was protonated. Interestingly, both nitrogen atoms were bonding to the same Cl -ion albeit from different molecules in the same unit cell which suggested that the positive charge may have been distributed between both nitrogen atoms.
Although it was not possible to compare the reactivity or conformation of a substance in solution to that of a crystalline substance, it was interesting to see that the ionic charge may have been distributed over the two nitrogen atoms. Interestingly, early work on the reaction of methylaminorex analogs with methyl iodide showed methylation of the ring nitrogen (N2) rather than the less hindered nitrogen (N1) belonging to the primary amine function. [37] Further studies may be needed to explore whether this may be accounted for by charge distribution over both nitrogen atoms. Figure 7 shows the dose-response effects of d-amphetamine, aminorex, (±)-cis-4-MAR and (±)-cis-4,4′-DMAR in evoking release at the three monoamine transporters DAT, NET and SERT. Table 1 summarizes potency values (EC 50 concentration) for the test drugs based on data depicted in Figure 7 . All of the drugs displayed potent releasing activity at DAT, with EC 50 values ranging from 1.7 ± 0.2 nM for (±)-cis-4-MAR to 9.1 ± 0.9 nM for aminorex. The drugs were also quite potent at NET, with EC 50 values ranging from 4.8 ± 0.9 nM for (±)-cis-4-MAR to 26.9 ± 5.9 nM for (±)-cis-4,4′-DMAR. Activity at SERT varied more than 100-fold across the four drugs, with (±)-cis-4,4′-DMAR exhibiting the highest potency at releasing 5-HT (EC 50 = 18.5 ± 2.8 nM). All test drugs were fully efficacious in their ability to evoke release at DAT, NET and SERT, i.e. drug effects achieved 100% of maximal release. When considering the overall transporter selectivity of the test compounds, d-amphetamine was the most selective for DAT/NET over SERT, with a DAT/ SERT ratio of 473, whereas (±)-cis-4,4′-DMAR was essentially non-selective with a DAT/SERT ratio of 2.
Pharmacology
These results indicated that (±)-cis-4,4′-DMAR is a potent efficacious releaser at DAT, NET and SERT in rat brain tissue. The potency of (±)-cis-4,4′-DMAR at DAT and NET rivals that of other psychomotor stimulant drugs like d-amphetamine and aminorex. However, (±)-cis-4,4′-DMAR had much more potent actions at SERT when compared to the other drugs examined in the present study. Because (±)-cis-4,4′-DMAR was shown to be a potent substrate-type releaser at DAT, NET, and SERT, it is possible that this drug generates exceptionally high levels of extracellular neurotransmitters that may be responsible for the range of serious side-effects after high dose exposure and/or following combination with other substances that may interact with monoamine transporters. Indeed, the early-warning notification issued by EMCDDA-Europol included warnings about adverse effects associated with 4,4′-DMAR such as agitation, hyperthermia, foaming at the mouth, breathing problems and cardiac arrest. [26] Further studies into the nature of the acute toxicity of this drug, however, are indicated.
Due to the absence of clinical studies, little is known about active dosage levels for 4,4'-DMAR in humans. A range between 30 and 300 mg has been suggested, although it is unclear whether this referred to a particular isomer. [33] In general, aminorex analogs have not been explored extensively as so-called designer-drugs, even though the stimulant properties of a number of analogs, including 4-MAR, have been known since the 1960s when they were investigated and formulated as potential anorexigens. [6, 7, [38] [39] [40] The possibility of encountering these analogs as psychoactive substances on the street has been discussed, [41] although it appears that the only analog that received some attention during the 1980s and early 1990s was (±)-cis-4-MAR, [18] [19] [20] which was shown to have amphetamine-like abuse liability.. [42] [43] [44] [45] [46] [47] [48] [49] [50] Interestingly, it was reported that (±)-cis-4-MAR lacked adverse central nervous system stimulation in a test subject when orally administered at a 0.25 mg/kg level as a nasal decongestant. [51] From a chemical perspective, the synthetic route used to prepare both (±)-cis-and (±)-trans aminorex analogs shares a number of steps that are also employed for the synthesis of cathinone analogs ( Figure 1C ). Where secondary (or tertiary) cathinones are used as starting materials, N-mono or N,Ndisubstituted analogs may arise which might open the possibility to recycle cathinones for their conversion to aminorex analogs. For example, 4-methyl-N-methcathinone (mephedrone) may be converted to the N-methyl analog of 4,4'-DMAR and this may have to be taken into account from a forensic viewpoint. It is currently unknown whether this or similar analogs have psychoactive properties, although it has been demonstrated that the N-methyl and N,N-dimethylated analogs of 4-MAR maintained anorectic properties in rats. [6] Another issue of forensic importance is the ability to differentiate between positional isomers (e.g. 'Serotoni 2.0'), [33] and it remains to be seen when and/or whether these are encountered on the market. In summary, psychotic symptoms, agitation and hyperthermia following 4,4'-DMAR ingestion may be due to overstimulation of central dopamine and serotonin systems, whereas dangerous cardiovascular effects may be associated with excessive norepinephrine release in the periphery. An additional reason for concern is the fact that some of the deaths reported in Northern Ireland were also associated with 4,4′-DMAR-containing tablets ('Speckled Cherry' and 'Speckled Cross' motifs) [28] which raises the possibility that these may be circulating as either MDMA or ecstasy-type products. Unintended combinations between (±)-cis-4,4′-DMAR and other amphetamine-type substances may potentiate the risk of adverse and possibly fatal outcomes as recently observed in a number of cases reported in Northern Ireland.
Conclusion
The in-depth chemical and analytical investigation of (±)-cis-4,4′-dimethylaminorex (4,4′-DMAR) reported here was prompted by the dramatic occurrence of 26 fatal intoxications in Hungary and Northern Ireland. The synthesis of 4,4'-DMAR and the differentiation between the (±)-cis-and (±)-trans isomers was shown to be straight-forward. (±)-cis-4,4′-DMAR, d-amphetamine, aminorex and (±)-cis-4-methylaminorex (4-MAR) were fully efficacious substrate-type releasers of dopamine, norepinephrine and serotonin in rat brain synaptosomes. Most importantly, (±)-cis-4,4′-DMAR was a far more potent serotonin releaser than d-amphetamine, aminorex or 4-MAR. It might be predicted that high dosages and/or combinations of (±)-cis-4,4′-DMAR with other amphetamine-type substances may potentiate the risk of adverse and possibly fatal outcomes. A recent test purchase from the Internet also confirmed the presence of (±)-cis-4,4′-DMAR, proving that this substance is freely available as a 'research chemical'. Due to the high potency of 4,4′-DMAR at DAT, NET and SERT, animal studies should be carried out to examine the potential for longterm monoamine toxicity in the brain.
